J Arid Land 
https://doi.org/10.1007/s40333-019-0057-y 


4 science Press A Springer-Verlag 


Shrub modulates the stoichiometry of moss and soil in 
desert ecosystems, China 


LI Yonggang'?, ZHOU Xiaobing', ZHANG Yuanming"” 


' Key Laboratory of Biogeography and Bioresource in Arid Land, Xinjiang Institute of Ecology and Geography, Chinese Academy 
of Sciences, Urumqi 830011, China; 
? University of Chinese Academy of Sciences, Beijing 100049, China 


Abstract: Desert mosses, which are important stabilizers in desert ecosystems, are distributed patchily 
under and between shrubs. Mosses differ from vascular plants in the ways they take up nutrients. Clarifying 
their distribution with ecological stoichiometry may be useful in explaining their mechanisms of living in 
different microhabitats. In this study, Sywtrichia caninervis, the dominant moss species of moss crusts in the 
Gurbantungeut Desert, China, was selected to examine the study of stoichiometric characteristics in three 
microhabitats (under living shrubs, under dead shrubs and in exposed ground). The stoichiometry and 
enzyme activity of rhizosphere soil were analyzed. The plant function in the above-ground and 
below-ground parts of S. canzmervis is significantly different, so the stoichiometry of the above-ground and 
below-ground parts might also be different. Results showed that carbon (C), nitrogen (N) and phosphorus 
(P) contents in the below-ground parts of $. caminervis were significantly lower than those in the 
above-ground parts. The highest N and P contents of the two parts were found under living shrubs and the 
lowest under dead shrubs. The C contents of the two parts did not differ significantly among the three 
microhabitats. In contrast, the ratios of C:N and C:P in the below-ground parts were higher than those in 
the above-ground parts in all microhabitats, with significant differences in the microhabitats of exposed 
eround and under living shrubs. There was an increasing trend in soil organic carbon (SOC), soil total 
nitrogen (STN), soil available phosphorous (SAP), and C:P and N:P ratios from exposed ground to under 
living shrubs and to under dead shrubs. No significant differences were found in soil total phosphorous 
(STP) and soil available nitrogen (SAN), or in ratios of C:N and SAN:SAP. Higher soil urease (SUE) and 
soil nitrate reductase (SNR) activities were found in soil under dead shrubs, while higher soil sucrase (STC) 
and soil B-glucosidase (SBG) activities were respectively found in exposed ground and under living shrubs. 
Soil alkaline phosphatase (AKP) activity reached its lowest value under dead shrubs, and there was no 
significant difference between the microhabitats of exposed ground and under living shrubs. Results 
indicated that the photosynthesis-related C of S. caninervis remained stable under the three microhabitats 
while N and P were mediated by the microhabitats. The growth strategy of S. caninervis varied in different 
microhabitats because of the different energy cycles and nutrient balances. The changes of stoichiometry in 
soil were not mirrored in the moss. We conclude that microhabitat could change the growth strategy of 
moss and nutrients cycling of moss patches. 
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1 Introduction 


Biological soil crusts (BSCs), composed of various combinations of cyanobacteria, bacteria, algae, 
fungi, lichens and bryophytes (mosses and liverworts), are widely distributed in arid and semi-arid 
areas (Belnap et al., 1994; Belnap, 2003). BSCs are separated into different patches in the field, and 
each patch can be regarded as a microsystem (Bowker et al., 2013). The organisms comprising the 
patches survive in different microenvironments and have different physiological features and 
growth forms that are responsive to these microenvironments (Hamerlynck et al., 2002; Pintado et 
al., 2005; Zhang et al., 2007; Yin and Zhang, 2016). Moss crusts are mostly recognized to be the 
highly developed stage in the ecological succession of BSCs and play a major role in these 
microecosystems (1.e., BSCs), where they can influence nutrient cycling (Cornelissen et al., 2007). 
However, unlike vascular plants, mosses lack roots, thus their accesses to soil nutrients are limited. 
Mosses also lack well-developed vascular systems compared with vascular plants, which restrains 
the transport of nutrients from soil to shoots. Mosses can take up nutrients directly from the soil, 
wet deposition, or dry deposition by passive sorption of mineral ions and metals on their outer 
surface (Bates, 2000). However, it is not clear that whether the stoichiometry of moss plants is 
similar to that of vascular plants. Documenting the stoichiometry of mosses and exploring how 
mosses respond to different microhabitats are important in understanding the adaptive mechanisms 
of mosses in desert ecosystems. 

Carbon (C), nitrogen (N) and phosphorous (P) are essential components of all organisms. C is 
produced by photosynthesis and is the substrate and energy source for physiological activities. N 
and P are major nutritional elements involved in plant growth and physiology, playing key roles in 
plant function (Koerselman and Meuleman, 1996; Elser, 2000; Gusewell, 2004; Hedin, 2004). N 
and P also regulate some ecosystem processes, such as nutrient cycle, energy cycle, species 
distribution and community succession (Whittaker et al., 1979; Reich and Oleksyn, 2004; Niklas et 
al., 2005; Sasaki et al., 2010). C, N and P are major components of plants and soil, and directly 
affect soil microbial biomass, the ratio of litter decomposition to nutrients, the accumulation of soil 
organic C, and nutrient cycling (Keiblinger et al., 2012; Agren et al., 2013; Kirkby et al., 2013; Li 
et al., 2013; Heuck et al., 2015). As C, N and P vary in both plants and soil, they can reflect 
changes in the trophic structure of ecosystems, and provide the basis for biogeochemical cycling 
(Sinsabaugh et al., 2013; Wang et al., 2014; Buchkowski et al., 2015; Stephens et al., 2015; Wang 
et al., 2015). Their ratios could indicate the structure and function of ecosystems on a macro-scale. 
Soil enzyme activity links environmental nutrient availability with microbial production. In 
large-scale patterns, soil enzyme activity might be related to microbial biomass stoichiometry and 
soil organic matter composition (Xu et al., 2017). Thus, the combined analysis of plant C, N and P 
and related soil nutrient and enzyme characteristics, is important to clarify the stoichiometry of 
moss and soil. 

Desert ecosystems, occupying one-fifth of the Earth's land surface, have some key characteristics: 
low biodiversity, low stability and low levels of soil nutrient (Whitford, 2002; Ward, 2009). 
Previous studies indicated that leaves of desert shrubs are relatively high in N content and the N:P 
ratio is high despite the low levels of N in most desert soils (Whittaker et al., 1979). For example, 
the ratio of N:P and the N and P contents in leaves of desert plants in most desert ecosystems in 
China (Zheng and Shangguan, 2007; Li et al., 2013; Zhang et al., 2014; Tao et al., 2016) are higher 
than those in other ecosystems in China (Han et al., 2005) or globally (Elser, 2000; Reich and 
Oleksyn, 2004), which reveals differences in plant nutrient limitation and soil nutrient supply 
potential (Sardans et al., 2011, 2012; He et al., 2014; Wu et al., 2014; Tao et al., 2016). Soil 
stoichiometry is significantly correlated to plant growth, and directly influence the composition, 
structure and productivity level of ecological communities (Andersen et al., 2010; Yan et al., 2015). 
Previous studies have greatly advanced our understanding of the variations and patterns of N and P 
in leaves of vascular plants in desert ecosystems. It is widely accepted that vascular plants from 
different ecosystems have different stoichiometry strategies. However, whether differences exist 
among non-vascular plants (i.e., desert mosses) from different microhabitat patches (such as under 
and between shrubs) is still an interesting and important subject that deserves attentions. In addition, 
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different parts of vascular plants also have different stoichiometry strategies (Chen et al., 2016; He 
et al., 2016). Is this true for the above-ground and below-ground parts of moss? Furthermore, how 
does the change of moss stoichiometry in different microhabitats? Little attention has been paid to 
these issues. 

Moss crusts are widely distributed in the Gurbantunggut Desert, China. Previous studies have 
reported that soil nutrient contents change in moss patches of different sizes (Ji et al., 2014). In this 
study, we focused on the stoichiometry strategies of moss and soil, and their responses to three 
different microhabitats (i.e., under living shrubs, under dead shrubs and in exposed ground). We 
suggested three possible hypotheses. First, since mosses lack roots and well-developed vascular 
systems, and also because nutrient absorption and C fixation mainly occur in the above-ground 
parts, we hypothesized that the C, N and P contents of the above-ground parts are higher than those 
of the below-ground parts. Second, because the 'fertile islands' effect of shrubs can influence the 
growth and physiology of moss, the stoichiometry of moss patches differs among different 
microhabitats in exposed ground, under living shrubs and under dead shrubs. In addition, soil 
stoichiometry and soil enzyme activity are significantly different in the three microhabitats. Third, 
the correlations between moss stoichiometry and soil stoichiometry, soil stoichiometry and soil 
enzyme activity, and moss stoichiometry and soil enzyme activity are low because nutrients in 
moss shoots are mainly taken up from the atmospheric wet and dry deposition. 


2 Materials and methods 


2.1 Study area 


The study was conducted in the Gurbantunggut Desert (44°11'-46°20'N, 84°31'—-90°00'E; 300—600 
m a.s.l.), which is located in the center of the Jungger Basin, northwestern China. The 
Gurbantunggut Desert is the largest fixed and semi-fixed desert in China, covering an area of 
4.88x10* km?. Annual precipitation ranges from 70 to 160 mm, while potential mean annual 
evaporation is estimated at 2607 mm. Annual mean temperature is 7.26°C (Zhang et al., 2007; 
Zhou et al., 2010). Vegetation in the area is dominated by Haloxylon ammodendron, Haloxylon 
persicum, Artemisia songarica, Seriphidium terrae-albae, Ephedra distachya and Calligonum spp. 
(Wang et al., 2003; Zhang et al., 2005). Shrubs grow both on the dunes and inter-dune areas. The 
moss Syntrichia caninervis was selected for our study due to the following two reasons: (1) it is 
widely distributed in arid lands worldwide (Reed et al., 2012), and also in the Gurbantunggut 
Desert (coverage of 30%) (Zhang et al., 2007; Ji et al., 2013); and (2) mosses are poikilohydric, 
therefore in times of severe drought, photosynthesis and respiration are reduced to the point where 
S. caninervis plants are close to dormancy, in other words, S. caninervis can tolerate extreme 
desiccation, extreme temperatures and very low rates of precipitation (Reynolds and McLetchie, 
2011). 


2.2 Experimental design 


The field experiments were conducted near the center of the Gurbantunggut Desert (45°26'N, 
87°67'E) in November 2015. To better investigate whether moss stoichiometry is influenced by 
microhabitats, we suggested a unified background of climate and environment. We selected an 
inter-dune area with well-developed moss crusts and established a 5 mx100 m transect along a 
typical sand dune. Due to the randomized distribution patterns of moss in our study area, the 
transect was essentially divided into a 500-square grid plots with the aim of locating and sampling 
moss patches more conveniently and precisely. We divided this transect into five 1 mx100 m 
sections, and set 100 plots (area of 1 mx1 m for each) in each section. Ephedra distachya is the 
only shrub species in the transect. It should be noted that not all plots included mosses and shrubs. 
Moss crusts occurred in three microhabitats, 1.e., under living shrubs, under dead shrubs and in 
exposed ground. The photographic method was used to measure the area of each patch of moss 
crust in each plot (Wu and Zhang, 2013). All the moss patches within this 500 m? area were first 
photographed and then sampled. 
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2.3 Sample collection 


We collected moss crust samples within an area of 20 cm? from each of the three microhabitats. 
Specifically, 40 patches of S. caninervis crust were collected from exposed ground, 81 from under 
living shrubs and 15 from under dead shrubs. The moss crusts were first carefully collected from 
the soil surface and then the moss samples were collected and stored in valve bags. Moss samples 
included above-ground stems and leaves, and below-ground decaying stems and rhizoids that are 
buried under sand. Next, a cutting ring (5 cm in height and 5 cm in diameter) was used to collect 
soil samples from where the moss crusts had been collected. 


2.4 Laboratory analysis 


2.4.1 Moss samples 


Moss samples were taken to the laboratory, and the above-ground and below-ground parts of the 
mosses were separated and cleaned carefully with water. Above-ground parts of S. caninervis are 
stems and leaves and below-ground parts are mainly composed with rhizoids and stems that are 
buried under sand. The moss samples were oven-dried at 65°C for 48 h for further analysis. 

The C, N and P contents of the above-ground and below-ground parts of S. caninervis were 
determined. Samples were first put through a grinder, and then kept in a dryer for the determination 
of C, N and P contents. C content (mg/g) was determined using a TOC analyzer (Analytik Jena, 
Germany) with multiWin software analyzer solid dry combustion method. Total N (mg/g) content 
was measured using an elemental analyzer (2400 II CHN Elemental Analyzer; Perkin-Elmer, USA). 
Total P (mg/g) content was determined using the molybdenum—antimony anti-spectrophotometric 
method (Han et al., 2005). 

2.4.2 Soil samples 

Soil samples were stored in a cool and dry place at an average room temperature of 25°C for 2 
weeks, until the samples dried naturally. The contents of soil organic carbon (SOC), soil total 
nitrogen (STN), soil total phosphorous (STP), soil available nitrogen (SAN) and soil available 
phosphorous (SAP) were measured to determine the soil stoichiometry. SOC, STN and STP 
contents were determined with the dichromate oxidation method, Kjeldahl procedure after 
digestion with concentrated H2SO, on a distillation unit, and HClO4-H2SO4 ammonium molybdate 
ascorbic acid method, respectively (Bao, 2000). SAN content was measured using the Kjeldahl 
six-place nitrogen distillation apparatus, through alkaline hydrolysis. SAP was determined using 
the Mo-Sb colorimetric method (Bao, 2000). 

The activities of five soil enzymes relating to C (soil B-glucosidase (SBG) and soil sucrase 
(STC)), N (soil urease (SUE) and soil nitrate reductase (SNR)) and P (alkaline phosphatase (AKP)) 
cycles were measured. We estimated the SBG based on the determination of the released 
p-nitrophenol, after the incubation of soil with p-nitrophenyl glucoside solution for 1 h at 37°C. 
STC was determined using sucrose as substrate, and the absorbance was measured in solution of 
sucrose hydrolysis products and with 3, 5-dinitrosalicylic acid. SUE was analyzed using 200 mM 
urea as substrate under standard conditions (24 h at 37°C). SNR was determined using nitrite with 
reduced in sulfanilic acid and a-aniline. AKP activity was determined using 15 mM p-nitrophenyl 
phosphate disodium substrate in a modified universal buffer (pbH=11.0), incubated for 1 h at 37°C. 
All soil enzyme activities were determined using Multiskan FC (Thermo Fisher, China) to measure 
absorbance at different wavelengths of ultraviolet light. 


2.5 Data analysis 


Microsoft Excel and SPSS 22.0 software were used to process and analyze data. Student's 7 test 
was used to compare C, N and P contents and their ratios between the above-ground parts and 
below-ground parts. Homogeneity of variance test was used before analysis and data were log 
transformed if necessary. Variations in S. caninervis stoichiometry (C, N and P contents) and soil 
stoichiometry (SOC, STN, STP, SAN and SAP) in different microhabitats were analyzed using 
one-way analysis of variance (ANOVA). Fisher least-significant difference (LSD) was used for 
multiple comparisons among the data in each microhabitat. Variations of soil enzyme activities in 


LI Yonggang et al.: Shrub modulates the stoichiometry of moss and soil in desert ecosystems, China 


different microhabitats were analyzed using ANOVA. Pearson's correlation analysis was used to 
analyze the correlations between S. caninervis (above-ground parts and below-ground parts) 
stoichiometry and soil stoichiometry, S. caninervis stoichiometry and soil enzyme activities, and 
soil stoichiometry and soil enzyme activities. 


3 Results 


3.1 C, Nand P contents in S. caninervis 


We found that plant water content of S. caninervis under living shrubs was significantly (P<0.05) 
higher than those in exposed ground and under dead shrubs (data not shown). In general, C, N and 
P contents in the above-ground parts were higher than those in the below-ground parts in each 
microhabitat (Fig. 1), and there were no significant differences in C content among the three 
microhabitats (Fig. la). N and P contents in the above-ground parts were significantly (P<0.05) 
higher than those in the below-ground parts (Figs. 1b and c). It was found that C, N and P contents 
all reached their lowest values under dead shrubs and highest values under living shrubs. N and P 
contents of S. caninervis under living shrubs and under dead shrubs were significantly (P<0.05) 
different. For the above-ground parts, N and P contents were significantly different between the 
microhabitats of exposed ground and under dead shrubs, while for the below-ground parts, there 
was no significant difference of N and P contents between the microhabitats of exposed ground and 
under dead shrubs. 
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Fig. 1 Stoichiometry of C (a), N (b) and P (c) contents in the above-ground parts and below-ground parts of S. 
caninervis in different microhabitats as influenced by shrubs. Different lowercase letters indicate significant 
differences of moss stoichiometry among microhabitats for the above-ground parts at P<0.05 level; different capital 
letters indicate significant differences of moss stoichiometry among microhabitats for the below-ground parts at 
P<0.05 level. *, significant difference of stoichiometry between the above-ground parts and below-ground parts at 
P<0.05 level; **, significant difference of stoichiometry between the above-ground parts and below-ground parts at 
P<0.01 level. Bars mean standard errors. 
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3.2 Ratios of C:N, C:P and N:P in S. caninervis 


Ratios of C:N, C:P and N:P are important in determining the growth rate and nutrient depletion of 
plants. The C:N and C:P ratios in the below-ground parts were significantly (P<0.05) higher than 
those in the above-ground parts (Figs. 2a and b). In contrast, the N:P ratio in the above-ground parts 
was slightly higher than that in the below-ground parts, with no significant difference (Fig. 2c). The 
C:N, C:P and N:P ratios in both the above-ground and below-ground parts showed no significant 
differences among the three microhabitats. Both the C:N and C:P ratios in the above-ground and 
below-ground parts reached their lowest values in exposed ground (Figs. 2a and b). The N:P ratio 
in the above-ground and below-ground parts was highest in exposed ground and lowest under dead 
shrubs (Fig. 2c). Generally speaking, microhabitats did not significantly change the ratios of C:N, 
C:P and N:P in S. caninervis. 
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Fig. 2 Stoichiometric ratios of C:N (a), C:P (b) and N:P (c) in the above-ground and below-ground parts of S. 
caninervis in different microhabitats as influenced by shrubs. *, significant difference of stoichiometric ratio 
between the above-ground parts and below-ground parts at P<0.05 level; **, significant difference of stoichiometric 
ratio between the above-ground parts and below-ground parts at P<0.01 level. Bars mean standard errors. 


3.3 C, N and P contents in soil 


As shown in Table 1, SOC, STN, SAN and SAP contents reached their lowest values in exposed 
ground and highest values under dead shrubs. All of them (with an exception of SAN content) had 
significant (P<0.05) differences among the three microhabitats. It was also found that SOC and 
STN contents were not significantly different between the microhabitats of under living shrubs and 
under dead shrubs. STP content maintained a similar trend in all the three microhabitats. SAP 
content increased from the exposed ground to the area under living shrubs, and to the area under 
dead shrubs. SAN content increased with STN content in the three microhabitats. 

Ratios of C:N and SAN:SAP in soil reached their highest values in exposed ground and lowest 
values under dead shrubs. Soil C:N and SAN:SAP ratios showed significant (P<0.05) differences 


LI Yonggang et al.: Shrub modulates the stoichiometry of moss and soil in desert ecosystems, China 


among the three microhabitats. In contrast, soil C:P and N:P ratios reached their highest values 
under dead shrubs and lowest values in exposed ground. 


Table 1 Stoichiometry and stoichiometric ratios of soil under patches of S. caninervis in different microhabitats 


Exposed ground Under living shrubs Under dead shrubs 
SOC (mg/g) 1.710+0.059° 1.952+0.054* 2.071+0.100* 
STN (mg/g) 0.192+0.007° 0.222+0.006*° 0.252+0.018* 
STP (mg/g) 0.364+0.005* 0.364+0.004* 0.363+0.007° 
SAN (ug/g) 10.302+0.593° 11.370+0.468? 12.125+0.763? 
SAP (ug/g) 4.288+0.268° 4.999+40.228"” 6.007+0.638* 
C:N ratio 10.562+0.282? 10.515+0.236° 9.646+0.384* 
C:P ratio 12.155+0.427° 13.897+£0.378* 15.115+1.118* 
N:P ratio 1.173+0.046° 1.354+0.040* 1.575+0.113° 


SAN:SAP ratio 


5.791+0.416° 


5.298+0.200* 


5.005+0.543° 


Note: SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorous; SAN, soil available nitrogen; SAP, soil available 
phosphorous. Different lowercase letters within the same row denote significant differences (P<0.05) among different microhabitats. 
Means+SE. 


3.4 Soil enzyme activities 


Soil enzyme activities in the three microhabitats are shown in Figures 3 and 4. The results showed 
that STC, SBG and AKP activities all reached their lowest values under dead shrubs, and there 
were no significant differences of them between the microhabitats of exposed ground and under 
living shrubs. STC activity was significantly (P<0.05) different between the microhabitats of 
exposed ground and under dead shrubs. STC and AKP activities reached their highest values in 
exposed ground, and SBG activity reached its highest value under living shrubs. SBG activity in 
exposed ground was significantly (P<0.05) higher than that under dead shrubs. There were 
significant (P<0.05) differences of SNR and SUE among the three microhabitats, and both of them 
reached their lowest values in exposed ground and highest values under dead shrubs. SUE activity 
under living shrubs was similar to that under dead shrubs. Generally speaking, soil enzyme 
activities were influenced by microhabitats. 


3.5 Correlation analysis of moss stoichiometry, soil stoichiometry and soil enzyme activities 


Weak correlations were observed between moss stoichiometry and soil stoichiometry, soil 
stoichiometry and soil enzyme activities, and moss stoichiometry and soil enzyme activities in the 
three microhabitats (Figs. 5—7). However, correlations were different in different microhabitats. In 
exposed ground, STN was positively correlated with plant N and P contents in the above-ground 
parts of S. caninervis (P<0.05; Fig. 5). SBG was negatively correlated with plant P content in the 
above-ground parts of S. caninervis (P<0.05; Fig. 6). The correlations between SBG and SOC, 
SBG and SAN, and SBG and SAP were also significantly negative. Under living shrubs, SOC and 
STN were positively correlated with plant C and P contents in the above-ground parts of S. 
caninervis (P<0.05). Both SUE and AKP were negatively correlated with plant P content (P<0.05). 
High correlations were observed between plant N and P contents in the below-ground and 
above-ground parts. Under dead shrubs, the correlations between moss stoichiometry and soil 
stoichiometry were not significant (Fig. 7). Soil AKP was significantly correlated with SOC, STN 
and SAP. 


4 Discussion 


4.1 Plant stoichiometry of S. caninervis 


In most cases, N and P contents in the below-ground parts of S. caninervis were lower than those in 
the above-ground parts, which is consistent with our first hypothesis. S. caninervis is a 
poikilohydric, non-vascular plant, which mainly absorbs water, N and P from the atmosphere. The 
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Fig.3 Soil enzyme activities under patches of S. caninervis in different microhabitats as influenced by shrubs. (a), 
soil sucrase (STC) activity; (b), soil B-glycosidase (SBG) activity; (c), soil nitrate reductase (SNR) activity; (d), soil 
urease (SUE) activity. Different lowercase letters denote significant differences (P<0.05) among microhabitats. Bars 
mean standard errors. 
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Fig. 4 Soil alkaline phosphatase (AKP) activity under patches of S. caninervis in different microhabitats as 
influenced by shrubs. Different lowercase letters denote significant differences (P<0.05) among microhabitats. Bars 
mean standard errors. 


principal function of the below-ground components of S. caninervis is to anchor the plant to the 
ground, so they take up few nutrients from the soil. In addition, the above-ground parts are the 
major area of life activity, and the accumulations of N and P in these parts benefit their functional 
integrity (Pan et al., 2015; Rong et al., 2015; Zhang et al., 2016). In contrast to our hypothesis, the 
C content values between the two parts (above-ground and below-ground) did not differ 
significantly (Fig. la). C is related to photosynthesis and is the basis of other physiological 
activities (Agren, 2008; Marschner, 2012). Our results showed that the C:N and C:P ratios in the 
below-ground parts were significantly higher than those in the above-ground parts, and the C, N 
and P contents in the below-ground parts were lower than those in the above-ground parts. Our 
results are also consistent with the previous findings that C, N and P contents were 
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Fig. 5 Correlation analysis of moss stoichiometry, soil stoichiometry and soil enzyme activities in exposed ground. 
C1, C content in the above-ground parts of S. caninervis; C2, C content in the below-ground parts of S. caninervis; 
N1, N content in the above-ground parts of S. caninervis; N2, N content in the below-ground parts of S. caninervis; 
P1, P content in the above-ground parts of S. caninervis; P2, P content in the below-ground parts of S. caninervis; 
SOC, soil organic carbon; STN, soil total nitrogen; STP, soil total phosphorous; SAN, soil available nitrogen; SAP, 
soil available phosphorous; SUE, soil urease; STC, soil sucrase; AKP, soil alkaline phosphatase; SNR, soil nitrate 
reductase; SBG, soil B-glucosidase. The size and color of the circles indicate the strength and significance of the 
relationship (Pearson's correlation coefficient), respectively. * in the circle indicates the Pearson's correlation is 
statistically significant at P<0.05 level, while no symbol in the circle indicates the Pearson's correlation is not 
significant at P>0.05 level. 
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Fig. 6 Correlation analysis of moss stoichiometry, soil stoichiometry and soil enzyme activities under living 
shrubs. The size and color of the circles indicate the strength and significance of the relationship (Pearson's 
correlation coefficient), respectively. * in the circle indicates the Pearson's correlation is statistically significant at 
P<0.05 level, while no symbol in the circle indicates the Pearson's correlation is not significant at P>0.05 level. 
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Fig. 7 Correlation analysis of moss stoichiometry, soil stoichiometry and soil enzyme activities under dead shrubs. 
The size and color of the circles indicate the strength and significance of the relationship (Pearson's correlation 
coefficient), respectively. * in the circle indicates the Pearson's correlation is statistically significant at P<0.05 level, 
while no symbol in the circle indicates the Pearson's correlation is not significant at P>0.05 level. 


disproportionately distributed in the above-ground and below-ground parts of the plant (Zeng et al., 
2017). Unlike vascular plants, the C, N and P contents of S. caninervis differed significantly 
between the above-ground parts and below-ground parts, and the C content of S. caninervis was not 
different between the two parts (Zeng et al., 2017). When compared with vascular plants, only 
small amounts of N and P in the below-ground parts of S. caninervis were transported to the stems 
and leaves (Ayres et al., 2006). N and P might be taken up from the atmosphere, rainfall and snow 
by stems and leaves in the above-ground parts of S. caninervis. In our study, the N:P ratio in the 
below-ground parts was similar to that in the above-ground parts. This result also confirms the 
previous finding that the basal sections of moss come from stems and leaves buried by sand (Birse 
et al., 1957; Jia et al., 2008). The decomposition rate of plant C was slower than those of plant N 
and P in the below-ground parts. N and P are essential components of photosynthetic proteins 
(Matzek and Vitousek, 2009). Moss plant has a vertical structure that can be separated into the 
above-ground "green" zone of alive, growing, and photosynthetically active parts, and the 
below-ground "brown" zone of senescent, dead, and decaying moss, rhizoids and other detritus 
(Lindo and Gonzalez, 2010). Therefore, the N and P contents in the above-ground parts are 
generally higher than those in the below-ground parts. Plant C in the below-ground parts might be 
used in the composition of structural substances. The present study indicated that the moss can 
balance the energy or substrate allocation between the above-ground parts and below-ground parts. 
In addition to the anchor effect, the moss root might have other functions that require C. 

Consistent with our second hypothesis, both the N and P contents of the above-ground and 
below-ground parts were affected by the microhabitats. Similar results can be found in other 
vascular and moss plants (Wu et al., 2012). In general, mosses in exposed ground and under living 
shrubs did not differ in N and P contents. The sharp decreases of N and P contents under dead 
shrubs indicated that the degradation of shrubs in this area also affected the nutrient uptake of 
mosses. This might lead to the population development of S. caninervis. Moreover, plant water 
content was significantly (P<0.05) influenced by microhabitats (data not shown). The changes in 
the stability of C under micro-environment also showed that the production and allocation of C are 
easy to adjust. The C content in the above-ground and below-ground parts of moss plants might 
respond at different magnitudes, from high to low, corresponding to the living shrubs to the dead 
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shrubs. N and P contents were significantly different under living shrubs and under dead shrubs. 
Our results also explained that the growth strategy and C, N and P contents of S. caninervis are 
influenced by microhabitats, particularly in the area under shrubs. 

The ratios of C, N and P might indicate nutrient limitation in the moss species. In the three 
microhabitats, there were no significant differences in the ratios of C:N and C:P. These two ratios 
reached their highest values under dead shrubs and lowest values in exposed ground. The ratios of 
C:N and C:P signified the ability of plants to assimilate C when simultaneously absorbing N and P 
(Rong et al., 2015), and the increased C:N and C:P ratios indicated an increase in the efficiency 
with which N and P are used (He et al., 2006; Wang et al., 2017). The higher efficiency value for 
moss is consistent with greater allocation to cell wall relative to cell contents under dead shrubs 
rather than in exposed ground (Waite and Sack, 2011). The ratio of N:P is stable, except that moss 
grow faster with higher moisture (Wiklund and Rydin, 2004; Waite and Sack, 2011). Unlike in 
vascular plants, the N:P ratio in moss plants can explain the growth rate. In our study, the N:P ratio 
was lowest under dead shrubs. One possible reason for this is a greater physiological need for P at 
lower temperatures, consistent with cold conditions; or a high light-tolerance mechanism and 
additional lipid energy storage (Huang et al., 2009). Our results are consistent with the findings that 
microhabitats affect the survival strategy of S. caninervis, and that plants of S. caninervis growing 
in exposed situations are better adapted to harsh environmental conditions than plants growing in 
more sheltered habitats (Yin et al., 2017). In this study, the changes in microhabitats did not 
significantly alter the ratios of C:N, C:P and N:P, which suggests that mosses can adjust the status 
of elements to maintain nutrient balance and adapt to different microhabitats. 


4.2 Soil stoichiometry and soil enzyme activities under patches of S. caninervis 


Soil stoichiometry is affected by vegetation, climate, and animal and human disturbances (Dykstra 
et al., 2012; Tischer et al., 2014; Fan et al., 2015; Hong et al., 2015; Liu et al., 2017). Our results 
showed that SOC content under patches of S. caninervis was highest under dead shrubs, where C 
content in S. caninervis was at its lowest value. In exposed ground, N content in S. caninervis was 
highest but STN was lowest. In contrast, plant N content was lowest under dead shrubs while STN 
was highest. The changes in soil C and N content were agreement with our hypothesis that soil 
stoichiometry would be significantly different among the three microhabitats. There was no 
significant difference between STP and SAP contents, but there were significant differences in 
plant P content among microhabitats. Our results are in accordance with the suggestion that mosses 
can be indirectly influenced by soil stoichiometry (Turetsky, 2003; Hagemann et al., 2010), and 
with our hypothesis that the correlations between moss patches and soil are low. Similar results can 
be found in another study of soil stoichiometry under patches of mosses (Waite and Sack, 2011). In 
this study, we found that STC and SBG, related to C cycling, were negatively correlated with SOC 
and were affected by the microhabitats. SOC was affected by different microhabitats, because the C 
cycling was influenced by temperature and moisture of S. caninervis patches in different 
microhabitats. STN and SAN contents under shrubs were higher than those in exposed ground. 
SUE and SNR, related to N cycling, were higher under shrubs than in exposed ground. SUE and 
SNR activities were not correlated with STN in the three microhabitats, particularly, under living 
shrubs. Soil under patches of S. caninervis did not support the findings that the activities of C- 
acquiring and N-acquiring soil enzymes were positively related to SOC and STN contents, and 
related to activities that responded significantly to changes in soil compaction and nutrient 
fertilization (Cenini et al., 2016). There was no significant difference in STP among the three 
microhabitats, and SAP was highest under dead shrubs. There was no significant decline in soil 
AKP under shrubs compared with that in exposed ground. STP and SAP were not significantly 
correlated with soil AKP in all microhabitats, except that SAP was significantly correlated with 
AKP under dead shrubs. STC and SBG were mainly influenced by living and dead shrubs. SUE 
and SNR were influenced by shrubs. Thus, the results of correlation analysis indicated that living 
shrubs might increase soil C and N cycling, and dead shrubs only increase soil N cycling. 

The results of C:N, C:P and N:P ratios in soil also indicated that SOC and STN were higher 
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under shrubs, particularly under dead shrubs. These patterns were different from those of the plant 
stoichiometry of S. caninervis patches. Not only the correlations between moss stoichiometry and 
soil stoichiometry were low, but also soil stoichiometry was weakly correlated with soil enzymes. 
Most studies have found that the stoichiometry in vascular plants was significantly correlated with 
soil stoichiometry and soil enzyme activities (Burke et al., 2011; Brzostek et al., 2012; Cenini et al., 
2016; Heineman et al., 2016; Zhang et al., 2016). Our results showed that the correlations of moss 
stoichiometry with soil stoichiometry and soil enzyme activities were different from those of 
vascular plants, and the plant stoichiometry of S. caninervis was not significantly related to soil 
stoichiometry and soil enzyme activities. In contrast to our results, Ball and Virginia (2014) 
reported that in the McMurdo Dry Valleys, the main source of moss nutrients was the soil, but the 
correlations of plant stoichiometry with any nutrient source were weak, indicating a great deal of 
plasticity in moss stoichiometry and nutrient uptake. 

Moreover, in this study, the correlations between soil stoichiometry and soil enzyme activities 
under living shrubs were weaker than those in exposed areas and under dead shrubs. We proposed 
three probable explanations for this phenomenon. First, moss crusts include algae, bacteria and 
other microbes that might fix C and N in both plants and soil, and accelerate C and N cycling 
(Morillas and Gallardo, 2015). Buried stems and leaves are decomposed by microbes. 
Decomposition of plant C, N and P might indirectly affect soil stoichiometry and soil enzymes 
because of the low mass resolved. Second, the 'fertile island' effects of shrubs might affect SOC 
and nutrient contents, as SOC and nutrient contents increase as the distance from shrubs decreases 
(Klemmedson and Barth, 1974; Hirobe et al., 2001). Simultaneously, there is an increase in the 
accumulation of SOC and STN in proximity to shrubs (Zhao et al., 2007). SOC and STN contents 
are therefore significantly higher under shrubs than in exposed ground. SOC and STN are directly 
influenced by shrubs. Third, most studies have found that STP content remains unchanged under 
patches of moss crusts, because it is not very mobile in plants and soil (Ji et al., 2014; Spohn et al., 
2016). The plant stoichiometry of S. caninervis with non-vascular tissues might be mainly 
influenced by the microenvironment of light, air, humidity and temperature under living and dead 
shrubs. This indicates a significant difference between vascular and non-vascular plants in terms of 
the correlations between plant and soil. In our study the correlations among moss stoichiometry, 
soil stoichiometry and soil enzyme activities were different in the three microhabitats. Under living 
shrubs, the correlations between indices of moss stoichiometry were significant, whereas they were 
weak in exposed ground and under dead shrubs. Our results have also determined that the plant 
growth strategy of S. caninervis is influenced by different microhabitats and that it needs to balance 
energy and substrate allocation accordingly. 


5 Conclusions 


For S. caninervis plants, N and P contents in the above-ground parts were significantly higher than 
those in the below-ground parts. The C:N and C:P ratios in the above-ground parts were 
significantly lower than those in the below-ground parts, while the N:P ratio was not significantly 
different in the above-ground and below-ground parts. Generally, the stoichiometry of S. caninervis 
was different in the above-ground and below-ground parts and was significantly influenced by the 
microhabitats. The C, N and P contents of S. caninervis were highest under living shrubs and 
lowest under dead shrubs. Plants of S. caninervis growing in exposed ground were more resistant to 
harsh environmental conditions than plants growing under shrubs. Soil stoichiometry and soil 
enzymes were also influenced by the microhabitats. The stoichiometry of S. caninervis was not 
significantly correlated with soil nutrients or soil enzymes. The growth strategy of S. caninervis 
was different in different microhabitats. There might be some functions (nutrient uptake, 
photosynthesis, and physiology) in the above-ground parts of S. caninervis. Moss is a non-vascular 
plant and its nutrients mainly come from above-ground parts. We speculate that nutrients of mosses 
might be taken up from the atmosphere, rainfall and snow by stems and leaves in the above-ground 
parts. In future studies, we will explore the major sources of moss nutrients. 
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